We present a novel Vertical External Cavity Surface Emitting Laser (VECSEL) cavity design which makes use of multiple interactions with the gain region under different angles of incidence in a single round trip. This design allows for optimization of the net, round-trip Group Delay Dispersion (GDD) by shifting the GDD of the gain via cavity fold angle while still maintaining the high gain of resonant structures. The effectiveness of this scheme is demonstrated with femtosecond-regime pulses from a resonant structure and record pulse energies for the VECSEL gain medium. In addition, we show that the interference pattern of the intracavity mode within the active region, resulting from the double-angle multifold, is advantageous for operating the laser in CW on multiple wavelengths simultaneously. Power, noise, and mode competition characterization is presented.
INTRODUCTION
VECSELs are an emergent class of semiconductor laser currently undergoing significant efforts to be generalized into the ultrafast regime. The promise of the VECSEL medium has been well demonstrated with continuous wave (CW) emission exceeding 100W [1] , great wavelength flexibility at the design stage [2, 3] , and external cavities which allow for filtering or frequency doubling elements to be included intracavity [4, 5] . Efforts to modelock VECSELs have yielded pulses below 100fs [6] and operation in the kilowatt range of peak powers [7, 8] . Multi-color operation has also been demonstrated in VECSELs both in CW [9] and pulsed [10] operation.
Use of long (>10-15cm) cavities in VECSEL designs is common, but is often limited when modelocking VECSELs by the medium's nanosecond upper state lifetime. Because of this, cavities which make multiple passes through the gain are often used when constructing pulsed VECSELs with repetition rates in the hundreds of MHz or lower [11, 12] . In this paper we present a novel multi-pass cavity design that contains two arms interacting with the gain under different angles. The use to two significantly different angles results in two features which we present in their own sections below. First, the Group Delay Dispersion (GDD) profile of the gain will blue shift with increasing angle, allowing potential compensation of GDD resonances often seen in devices grown for high gain. Second, the two angles prompt an interference pattern where the intracavity field interacts with the active region; this pattern possesses sharp intensity spikes with a wavelength-dependent separation, allowing for decreased mode overlap (and thus, decreased gain competition) in the outer regions of the spatial modes of two nm-separated lasing wavelengths.
The primary results we present are a modelocked VECSEL emitting pulses with 6.3 kW of peak power (section 2) and a highly stable CW emission of 2.6 W on two wavelengths with a 1.0 THz separation (section 3).
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Modelocking Introduction
Designing VECSELs for modelocked operation presents several challenges. The typical structure of a high-power CW VECSEL, as in [1] , possesses several characteristics that are disadvantageous to modelocked operation. The microcavity formed by the Distributed Bragg Reflector (DBR) and the surface layer serves as a low-Q fabry-perot etalon, and thus can impose a spectral filter, limiting the lasing bandwidth. The placement of the quantum wells, being strongly resonant with a particular target wavelength, can also limit the spectral broadness. Both of these effects contribute to maximizing the field enhancement factor for a narrow spectrum interacting with the gain. At maximum field enhancement, the lasing mode burns a deep, narrow hole in the carrier distribution, allowing for nonequilibrium effects such as kinetic hole burning to influence pulse formation [13] .
One of the most common methods of designing VECSELs for modelocked operation is to apply an anti-reflection coating to the surface of the device. These coatings can range from a simple 1-2 layers (see [14] as an example) to much more intricate designs (e.g. [6] ) and serve to both reduce the filtering effect of the device's microcavity and control the device's GDD to flat and near-zero within the lasing band. In addition, it has been shown that precisely etching the surface layer of the device can function similarly to an AR coating and give similar results [7] . Work surrounding the shortest pulses observed in VECSELs has shown that reducing the number of quantum wells in the active region [15] and/or placing quantum wells in careful positions off of the target wavelength's standing wave antinodes can greatly improve modelocking performance [6, 13] . Both of these strategies lower the gain -and thus the potential power scalability -of the device, but support broader lasing spectra and limit the influence of non-equilibrium effects.
Because obtaining the shortest pulses have so far been done by lowering the gain of a VECSEL significantly, more standard RPG designs remain the holders of record peak powers [7] . We present here another method of controlling the dispersion of these devices, as their potential for high power scalability without external amplifiers is still attractive. We note that the dispersion profiles of these devices typically possess a resonance feature with positive and negative extrema. This resonance feature blue shifts as the angle of incidence between the lasing mode and the device increases, allowing for two passes through the gain at strongly differing angles to present dramatically different dispersion profiles. The goal of our multi-fold cavity (F-cavity) design is for this shift to result in the two different passes having a compensatory effect on each others' GDD within the lasing band.
Experimental setup
The VECSEL we use was grown on a GaAs substrate and possesses an AlGaAs-GaAs DBR, an active region with ten InGaAs quantum wells placed resonantly between GaAsP barriers, an InGaP cap layer, and a single-layer SiN AR coating. A diamond heat spreader is soldered to the back of the DBR to assist in heat extraction and the device is placed on a water-cooled mount inside the cavity as seen in Fig 1. It is pumped with an 808nm fiber-coupled diode bar and was designed to emit at around 1040nm.
The F-cavity itself is 38 cm long (390 MHz), but has no arm with a travel time approaching the nanosecond time scales of the VECSEL's carrier lifetimes. The narrow and wide folds are 10° and 40°, respectively, the output coupling is 3%, and all elements were measured to have negligible GDD within the lasing band except for the VECSEL and Semiconductor Saturable Absorber (SESAM). The spot size ratio between the SESAM and VECSEL is a fairly standard 1/2 and the separate passes through the gain were very precisely aligned to exactly overlap within the pumped gain region. 
Modelocking Results
Modelocking was observed in this configuration between 7W and 12W of pump power, with little variation in pulse shape or behavior. Above 12W of pump, the modelocking state grew increasingly unstable. We suspect that the high intracavity field due to the multi-pass design oversaturating the SESAM was the primary cause, allowing for the potential of further power scaling if a higher saturation fluence SESAM were used.
The optimal peak power was obtained at 12 W, corresponding to an average output power of 1.14W. Fig. 2 shows the 410 fs pulse with a secant shape and (inset) the corresponding 3.2 nm spectrum. Fig 3 shows the fundamental peak of the recorded RF spectrum at 390MHz (limited by a resolution bandwidth of 1 kHz) and (inset) a lower resolution scan including the first harmonic, to demonstrate the existence of stable, single-pulse, modelocked operation. With these parameters, and assuming a secant-shaped pulse, we calculate a record peak power of 6.3 kW.
Modelocking Discussion
In order to show that the dispersion-shifting properties of our cavity are specifically what led to the results above, we first tested the same chip in a more standard V-cavity. We used a 10cm V-cavity with a standard ~1/3 mode ratio and lowered the output coupling to 1% to adjust for the lower intracavity powers as the cavity was not multi-pass. We recorded >1ps pulses after optimizing heatsink temperatures for shortest pulse duration.
We then noted that the shifting of interaction parameters with angle of incidence should also be polarization dependent; the cavity's TE and TM polarizations should shift different. A thin (~100 micron) glass etalon placed at Brewster's angle for either of these polarizations was used as a polarization filter -imposing heavy losses to the one polarization while providing negligible loss, GDD, and spectral filtering to the other. Very careful attention was paid to ensuring the glass Brewster window was indeed at Brewster's angle and we found that when it supported the cavity's TE polarization, the results in section 2.3 were attained. However, when the Brewster window was rotated to support the cavity's TM polarization, the shortest pulses we could attain were ~16ps. The two different pulses are displayed in Fig. 4 .
To better understand the mechanics of these results, we use a transfer matrix method to simulate the GDD of the VECSEL under lasing conditions. To start, a white light interferometer was used to measure the room temperature, normal-incidence GDD of both the VECSEL and SESAM with a resolution of +/-5 fs 2 and a calibrated white light source was used to measure the room temperature reflectivity of the VECSEL. Then, the layer thicknesses and material composition were adjusted in the simulation so that the simulated GDD and reflectivity precisely matched the measurements. Finally, the temperature and carrier density were then estimated according to [16] and the simulation parameters were adjusted to those estimates. Additionally, Fig. 6 shows the net cavity GDD, two passes through each angle of the simulated VECSEL GDD and one pass through the SESAM GDD. It is clear to see that for the TM mode, the round-trip GDD profile deviates significantly from the ideal profile of flat and near-zero. For the TE mode, however, the negative slopes of the wide angle fold and the SESAM compensate for the positive slope of the narrow-angle fold and yield a net GDD that is relatively flat and slightly positive within the marked lasing bandwidth.
This agrees very well with the experimental data, where enforcing the cavity TE mode yielded 410 fs pulses while enforcing the cavity TM mode produced pulses over 16 ps. These results indicate that managing the GDD of a modelocked VECSEL through angle of incidence tuning is a practical strategy.
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2-COLOR OPERATION
2-Color Introduction
It has been previously shown that kinetic hole burning in the excited carrier population of VECSEL quantum wells allows for emission on multiple wavelengths at the same time [17, 18] . Experimental investigations have shown that for high intracavity powers, relatively stable coexistence of two wavelengths is possible [9, 19] , but at lower intracavity intensities, a strong anti-correlation noise is present due to mode competition between the two colors. Because high output powers typically require high output coupling, reducing intracavity powers, finding a way to mitigate this mode competition would greatly improve the potential of VECSELs as 2-color sources for applications such as difference frequency generation (DFG) of terahertz.
Here, we investigate the effectiveness of the F-cavity with regard to multi-wavelength emission. The two folds under significantly different angles provide a unique interference pattern with sharp intensity spikes. Because the distribution of this interference is wavelength dependent, partial decoupling of the spatial overlap between the two modes is possible and since each mode will burn a spatial hole according to its fringe pattern, gain competition can be alleviated. We present data for two wavelengths spaced by 1 THz and compare the device's power and stability to a conventional single pass cavity.
2-Color Setup
The F-cavity setup is nearly identical to the setup in section 2, however the SESAM has been removed in favor of an HR mirror. The comparison cavity is a V-cavity configuration where the VECSEL is placed as end mirror and a 1% output coupling is again used in lieu of the multi-pass cavity's 3% in order to keep the intracavity powers high despite there being fewer passes through the gain. To induce 2-color emission, we employ the same etalon used in the polarization enforcement discussion in section 2.4, but now it is not used at Brewster's angle as spectral filtering is desirable for controlling the lasing bandwidth(s). The etalon's free spectral range is 1 THz.
In order to measure the anti-phase noise in the powers of the emitted wavelengths, and thus observe the magnitude of the gain competition between the two lasing modes, we employ a grating to spatially separate the wavelengths and then guide each beam to a fast photodetector (100 MHz bandwidth). This allows for fast simultaneous detection of each of the emitted lasing bandwidths.
Lastly, to ensure a good comparison between the two cavities, we align them to the same spot on the VECSEL chip such that either can lase if allowed. We then employ a beam stop to select the operational cavity by completely blocking one arm of its counterpart. This allows us to keep the gain region used consistent without potential errors in the alignment process. Fig. 7 shows a power curve for the two cavities investigated. While the curve displays a maximum power for the Fcavity of over 3W without reaching rollover, the maximum power achieved with nearly equal distribution between the two lasing bands was 2.6 W. The V-cavity, by comparison, displays a maximum output power of 1.3W. With 3% and 1% output couplings for the F-and V-cavities, respectively, these output powers correspond to intracavity powers of below 100W -quite low compared to the stability range observed in [19] . Fig. 8 shows the time dynamics of the two lasing wavelengths, as measured on separate fast photodiodes, in comparison between the two cavity setups. As one can see, the V-cavity exhibits a strong anti-correlated noise between the two wavelengths as strong mode competition is present. Meanwhile the F-cavity exhibits highly stable 2-color operation with small amounts of anti-correlation noise. Further, Fig. 9 shows the operational regime of the pump laser under which these two cavities emit stable 2-color ("stable" meaning that there are no prolonged periods where either mode "wins" and is the sole lasing mode). The error bars indicate the magnitude of the mode competition shown by example in Fig. 9 . The difference in stability regime relative to pump power slightly exceeds a factor of 5 between the two cavities and even at each level of operation, the multi-pass design exhibits very low noise relative to the V-cavity comparison. Further, the increased operational range in terms of pump power could also assist in longer temporal stability as the F- 
2-Color Results
2-Color Discussion
The increased stability of 2-color operation in the F-cavity can be attributed to the increased complexity of the standing wave pattern formed within the gain region. Whereas the V-cavity we employ for comparison should have a fairly standard Gaussian distribution within the gain, the multiple interactions under two different angles in the F-cavity provide an interference pattern with sharp intensity spikes.
A cross section of a simple simulation of this interference patter is shown in Fig. 10a . Taking care to note that the cross section is pictured beginning 150 µm from the center of the overall gain spot (the spot is 420 µm diameter), one can see that the position of the interference fringes shifts dramatically with wavelength. Because each wavelength can only burn a hole where it has field intensity, the partial decoupling of the modes due to this fringe spacing helps alleviate the overall competition between the two modes, resulting in overall more stable coexistence of both lasing wavelengths. Fig.  10b presents an overlap factor defined by ( ) * ( ) ( ) * ( ) * ( ) * ( ) where ( ) and ( ) define the respective intensities of fields for each wavelength (both wavelengths are assumed to be equal in power). The overlap factor quickly approaches a minimum value for a wavelength spacing of more than a couple nanometers, suggesting that this technique would be useful in inducing stable 2-color operation for a large variety of wavelength spacings in potential future 2-color VECSELs.
CONCLUSION
In conclusion, we have presented a novel cavity design expanding the idea of a multi-pass cavity to include passes under different angles. We have shown two particularly unique properties: that the blue-shift of the GDD profile can assist in the control of the net, round-trip GDD and that the complex interference pattern formed by the intracavity field supports highly stable 2-color operation by reducing the overlap of those two wavelengths' spatial distributions in the gain. We demonstrate the promise of these properties by presenting, first, record peak powers of 6.3 kW from a modelocked VECSEL, and second, 2.6W of highly stable emission on two wavelengths separated by 3nm. 
